Prostate cancer (PCa) is the second most leading cause of death in men worldwide. African American men (AA) represent more aggressive form of PCa as compared to Caucasian (CA) counterparts. Evidence suggests that genetic and other biological factors could account for the observed racial disparity. We analyzed the cancer genome atlas (TCGA) dataset (2015) for existing epigenetic variation in AA and CA prostate cancer patients, and carried out Reduced Representation Bisulphite Sequencing (RRBS) analysis to identify global methylation changes in AA and CA prostate cancer patients. The TCGA dataset analysis revealed that the epigenetic heterogeneity could be categorized into 4 classes, where AA associated primarily to methylation cluster 1 (p value 0.048), and CA associated to methylation cluster 3 (p value 0.000146). We identified enrichment of Wnt signaling genes in both AA and CA, however they were differentially activated in terms of canonical and non-canonical Wnt signaling pathway activation. This was further validated using the GenomeDx expression data. Our RRBS data also suggested distinct methylation patterns in AA compared to CA, and in part validated our TCGA findings. Survival analysis using the RRBS data suggested hypomethylated genes to be significantly associated with recurrence of prostate cancer in CA (p=6.07x10 -6 ) as well as in AA (p=0.0077). Overall, the observed racial disparity in the molecular mechanism involved in the pathogenesis of prostate cancer suggests diverse heterogeneity that potentially could affect survival and should be considered during prognosis and treatment.
Introduction
In this study, we investigated the epigenetic variations in AA and CA PCa patients and how they are associated with survival and recurrence outcomes using the cancer genome atlas (TCGA) dataset [26] and Reduced Representation Bisulfite Sequencing (RRBS).
Materials and Methods

Prostate Tissue Samples
Prostate tumor tissues and adjacent benign prostate tissues were collected from patients at Icahn School of Medicine at Mount Sinai as per Institutional Review Board approved protocols (GCO# 06-0996, 14-0318 and surgical consent). The fresh frozen prostatectomy specimens were procured after the tumor and benign regions were identified and marked by the pathologist.
Three AA and three CA PCa patients were enrolled in this study, their clinical profile including tumor stage and Gleason score has been elaborated in Table 1 . Genomic DNA was extracted from frozen tissues using Qiagen's DNA/RNA extraction kit (Cat No. 80204) following the manufacturer's instruction.
Reduced Representation Bisulphite Sequencing
Library preparation for RRBS was performed using NuGEN Ovation® RRBS Methyl-Seq System (Cat N0: 0353,0553) for Illumina Sequencing. In brief, the preparation steps included: 
Computational analysis
Bisulphite sequencing data was analyzed using Bismark v0. 15 .0 software. It is a set of tools for the Bisulfite-Seq data which performs alignments of bisulfite-treated reads to a reference genome as well as cytosine methylation calls at the same time. Bisulphite converted hg19 reference genome was used for the alignment and mapping of reads. Sequence reads that produce a unique alignment against the bisulfite genomes are then compared to the normal genomic sequence and the methylation state of all cytosine positions in the read is inferred. Read alignment details for RRBS data is summarized in Table 2 . The methylation status of the uniquely mapped reads was extracted using the bismark_methylation_extractor script in Bismark. Only CpGs with at least five reads covering them were used for downstream analysis. Methylation of a specific region was calculated by averaging the methylation levels of all CpGs covered in that region. We calculated promoter methylation levels for each sample then compared the variation among CA vs AA and tumor vs benign region for each racial group. Promoters were defined as ± 2kb windows centered on RefSeq transcription start sites.
Survival analysis
SurvExpress analysis tool (http://bioinformatica.mty.itesm.mx:8080/Biomatec/SurvivaX.jsp) was used to determine the association between hypermethylated genes and survival. This tool uses both the gene list from our dataset and publically available human cancer database to predict biomarkers for risk assessment and survival. PRAD TCGA database [26] was used for the identification of biomarkers associated with survival. The Sobner [27] and Tyalor databases [28] were used for the analysis of survival and recurrence. The software generates risk groups by either by splitting the ordered Prognostic Index (risk score estimated by beta coefficients multiplied by gene expression values) for each samples at the median where samples are distributed equally in both groups or by using an optimized algorithm from the ordered prognostic index [29] . The survexpress software was used in default setting and it performs a log-rank test along all values of the arranged PI and then, the algorithm selects the split point where the p-value is minimum. This procedure is repeated until no changes are observed. This tool presents the output in the form of Kaplan-Meier curve for risk groups, concordance index which estimate the probability that subjects with a higher risk will experience the event after subjects with a lower risk and p-value of the log-rank testing equality of survival curves.
TCGA data re-analysis
The Cancer Genome Atlas Network (2015) performed extensive genomic, transcriptomic, epigenetic and proteomics studies on a large cohort of prostate cancer patients (333 primary prostate tumor tissues) to identify the molecular and biological heterogeneity in prostate cancer patients [26] . In order to investigate the epigenetic variation and specific methylation pattern in AA and CA men, we retrieved the TCGA datasets with methylation cluster information and clinical details for each patient from the cBioPortal for Cancer Genomics (http://www.cbioportal.org/study.do?cancer_study_id=prad_tcga_pub). Of the 333 prostate cancer patients who were enrolled in TCGA study, 43 PCa patients were reported to be AA and 162 were CA. Further, to identify the epigenetic changes existing in each racial group we used gene lists that were reported to be dysregulated in each methylation cluster in TCGA study. The list of differentially regulated genes in each cluster of TCGA study was procured from firebrowse (http://firebrowse.org/?cohort=PRAD) [30] . We also used TCGA methylated data list to validate our RRBS analysis, which was retrieved from (http://firebrowse.org/?cohort=PRAD) portal [31] .
Functional analysis
The Ingenuity Pathway Analysis (IPA) software (Ingenuity Systems, Redwood City, CA) was used to identify the relevant bio-functions and the pathways associated with differentially expressed gene in each methylation cluster. The software generates pathways utilizing the list of genes from TCGA data and the list of genes stored in the ingenuity knowledge database, which is based on functional annotations and experimental observations. It also computes a p value for each pathway, to assess the likelihood of the association between the focus genes and a canonical pathway being not random. IPA also predicts the activation or inhibition of a canonical pathway based on z-score, which is automatically calculated based on differentially expressed genes in both the uploaded dataset and the information stored in IPA knowledge database. A positive zscore suggests the activation, whereas a negative z-score indicates inactivation of the pathway.
GenomeDx analysis
Genomics Resource Information Database (GRID) patients' samples were used for the validation of our observation of differential Wnt signaling in CA and AA cohorts from TCGA data. RNA was extracted from routine formalin-fixed, paraffin embedded (FFPE) Radical prostatectomy tumor tissues, which were amplified and hybridized to Human Exon 1.0 ST microarrays (Thermo-Fisher, Carlsbad, CA). All GRID data were normalized utilizing the single channel array normalization algorithm [32] . GRID samples were processed as described in [33] .
Results
Identification of differential methylation clusters among AA and CA PCa patients in
TCGA dataset
An integrative epigenetic and genetics analysis in TCGA study identified four distinct methylation groups which are named as methylation cluster (MC) 1, 2, 3 and 4 [26] . Prevalent PCa genetic alterations like ERG, ETV1, ETV4 fusions and SPOP, FOXA1, IDH1 mutations were reported to be differentially associated with each methylation clusters [26] . Interestingly, ERG fusion-positive PCa patients were differentially distributed in MC1 and MC3; one-third of them exhibited hypermethylation and belonged to methylation cluster (MC1) whereas, two-third of ERG positive PCa patients had hypomethylated DNA loci (MC3) Figure 1A . MC2 had patients with SPOP, FOXA1 and IDH1 mutations. They also included ETV1 and ETV4 fusion and had highly methylated DNA. MC4 was positive for ERG, ETV1 and ETV4 fusion as well as SPOP and FOXA1 mutations.
In this study, we re-analyzed TCGA data for identification of epigenetic variation among AA and CA racial groups. PCa patients where then divided into two groups based of their race (43 AA and 162 CA) and we observed that AA men were more likely to present the MC1 pattern (p value 0.048), while CA men mostly presented with MC3 (p value 0.000146), Figure 1B . The MC1 cluster displays a distinct spectrum of hypermethylated loci whereas the MC3 cluster shows hypomethylated loci.
Pathways associated with different methylation clusters
To study the predominant signaling pathways associated in each methylation cluster we retrieved the mRNA expression data from TCGA and generated a list of differentially expressed gene in each methylation cluster. We used the ingenuity pathway analysis (IPA) to identify pathways affected in each methylation cluster. We observed Wnt signaling pathway to be differentially regulated in all four clusters suggesting it to play an important role in PCa pathogenesis Table 1 ). Since AA and CA PCa patients distributed distinctly in MC1 and MC3 only we focused our analysis on these two clusters only. The Analysis of MC1 showed that non-canonical Wnt signaling (Wnt/Ca +2 signaling) was downregulated in CA whereas it was activated in AA, Figure 2A . The analysis of MC3 showed exclusive activation of non-canonical Wnt/Ca +2 in CA. Furthermore, inflammation/immune cell related pathways and PI3K signaling was observed to be associated with upregulated genes in MC1 (whereas down regulated genes associated with cell cycle signaling). In the case of MC3, amino acid metabolism related pathways were associated with upregulated genes, and downregulated genes were associated with cytokine signaling and PI3K-pathway alterations Table 3 .
(Supplementary
The finding of differential regulation of Wnt signaling in MC1 (representation of AA cohort) and MC3 (representation of CA cohort) from TCGA data re-analysis were further validated in a separate and larger cohort of PCa patients among these two racial groups. We used the GRID data from GenomeDx, which uses RNA expression analysis from prostate tumors to provide a Decipher R genomic score that predicts disease aggressiveness. In this data base, genes belonging to the non-canonical Wnt/Ca +2 signaling pathway were significantly upregulated in CA as compared to AA (p value 5.6x10 -06 ), Figure 2B .
Epigenetic variation in AA and CA Prostate Cancer patients
To further validate our TCGA analysis and identify the epigenetic differences in AA and CA prostate tumors, we performed RRBS analysis on 6 PCa patients, three in each group, Table 1 .
Benign tissue adjacent to tumor was procured from each patient to serve as control. We compared the methylation changes in CA and AA tumor tissues and observed very distinct methylation pattern in both the racial groups. Further, analysis revealed hypermethylation of 33 genes in AA, 19 hypermethylated genes in CA (Supplementary table 2) . This suggests hypermethylation to be a predominant event in AA, which is in concordance with our observation with TCGA data where MC1 cluster had more hypermethylated genes compared to MC3 Figure 3A . Moreover, we observed significant methylation changes in benign vs tumor tissue in both CA and AA Figure 3B and C, respectively.
Correlation of RRBS analysis with TCGA data
To validate our finding we matched the methylated gene list from RRBS with the TCGA methylation data. We used the negative correlation between DNA methylation and mRNA expression data from TCGA for this comparison [31] . Methylation mean with cut-off < 0.2 was used for hypomethylated genes and cut-off > 0.3 was used for hypermethylated genes [26] . Even though different platforms were used for the methylation studies, in both the cases, we observed similar methylation patterns; RPS29, ZNF180, POLD4, AKIRIN2, SLC41A3, PDIA3, CPSF2, and SLC35C2 were found to be hypomethylated in AA men in RRBS analysis as well as in TCGA analysis, Table 4 . Hypermethylated genes from both the analysis include IDH3B, LRP10, BLVRB, ZNF256, LIME1, CD72, URM1, PSAP, PIKFYVE, ARL6IP1 and BTBD2, Table 5 .
Correlation of hypomethylated genes with survival in AA and CA Prostate cancer patients
To identify whether the genes we identified had any prognostic significance, we performed survival analysis on the hypomethylated genes obtained from RRBS analysis in both the racial groups. PRAD-TCGA (TCGA) dataset (497 samples) [26] and Sboner datasets (281 samples) [27] were used for the prediction of survival outcome whereas Taylor datasets (140 Sample) [28] was used to access the recurrence of prostate cancer in different racial group. Both Sboner data and TCGA data were able to separate the risk group based on differential gene expression listed in Table 6 . Nonetheless, p value for the risk group separation was better for Sboner dataset as compared to TCGA data for both the racial groups (Figure 4A, B, Table 6 ). In addition, Taylor datasets suggested significant association of hypomethylated genes with biochemical recurrence of prostate cancer in CA (p value 6x10 -6 ) as well as in AA (p value 0.0077) (Figure 4C , Table   6 ).
Discussion
Comprehensive "omics" studies of Prostate cancer in the cancer genome atlas (TCGA) study indicated that diverse heterogeneity exists in PCa patients [26] . Besides, this fact there exist disproportionate incidence, progression and mortality of PCa patients in relation to race. In this study we identified that AA and CA have distinct methylation patterns. Further, pathway analysis revealed that the specific methylation events in each group are associated with different biological functions. Each racial group is associated with differential Wnt signaling and other different biological pathways, which have not been explored in details previously with respect to racial disparity. We also observed discrete methylation changes of genes in AA and CA patients which may contribute to differences in prostate cancer outcomes between these two populations.
Epigenetic changes are an inherent genomic property that appears early during development [34] or sometime acquired during lifetime due to exposure of other environmental factors [35, 36] .
Thus it is a critical factor in the pathogenesis of PCa and could contribute towards aggressive clinical outcomes.
Several studies reported that hypermethylation of CpG is the predominant event occurring in case of prostate cancer [26, 37] . There are large variations in methylation of specific genes among AA and CA ethnic groups [22] [23] [24] , reports suggest the existence of race specific methylation differences at the birth [36, 38] . Using the TCGA data and RRBS analysis, we observed that AA have predominant methylation events as compared to CA, and both the groups have very distinct spectrum of methylated loci. This result of race specific global methylation difference is interesting and requires further investigation to elucidate the mechanism driving this disparity.
Further, pathway analysis also suggests disparity in terms of biological functions and signaling mechanism which is a crucial event. For instance, we found canonical and non-canonical Wnt signaling pathways are differentially regulated in AA (MC1) and CA (MC3). Wnt/β-catenin signaling is upregulated and Wnt/Ca +2 downregulated in AA whereas; the later is downregulated in CA. Although, multiple studies have identified association of Wnt signaling with aggressive, late stage disease, and metastasis in prostate cancer [39] [40] [41] , to our knowledge, the distinction of Wnt/β-catenin and Wnt/Ca +2 signaling pathway association with ethnicity in prostate cancer has not been reported previously. Of the two Wnt signaling pathways, Wnt/β-catenin is very well studied pathway and plays important role in progression of prostate cancer towards metastasis, and development of disease [42, 43] ). More recently, non-canonical Wnt (Wnt/Ca +2 ) signaling has also been implicated in the pathogenesis of prostate cancer [41, 44] . The involvement of Wnt/β-catenin pathway in progression could be attributed to its function in proliferation and survival of cancer stem cells and was suggested to act as molecular markers for predicting resistance to several androgen dependent therapies [45] . Lately, genes involved in canonical and non-canonical Wnt signaling pathways are emerging as promising targets for therapeutic intervention in prostate cancer [46, 47] . It would be interesting to explore its therapeutic role in prostate cancer patients of different ethnicities.
We also observed that inflammation related pathway, PI3K signaling, cell cycle signaling, and amino acid metabolism pathways vary differentially in these racial groups. Previous studies have suggested association of interleukins signaling and inflammation to be more prevalent in AA relative to CA men [16, 48] . Also, PI3K signaling is crucial in PCa as Phosphatase and tensin homologue (PTEN) loss, resulting in constitutive activation of the PI3K pathway, is common in advanced prostate cancer. Using reciprocal-pairing of miRNA-mRNA, Wang et al., 2015 predicted the overt activation of PI3K/AKT pathway in African American men compared to CA men [49] . Our observations are similar to these findings. Furthermore, we found cell cycle signaling was downregulated in AAs whereas a recent study shows enhanced cell cycle related transcription in specific subpopulation of CA derived prostate cancer cell-line [50] . Finally, similar to our observation of amino-acid metabolism to be associated with CA, Putluri et al., 2011 reported higher amino acid metabolism in CA derived prostate cancer cell lines treated with androgens [51] .
From the present study we also identified distinct set of methylated genes in AA and CA men using RRBS. We observed genes hypermethylated in AA were hypomethylated in CA and viceversa. Some genes were also found to follow the same methylation pattern as observed in TCGA study which validates our finding. These include the PDIA3 gene which was hypomethylated in AA (hypermethylated in Ca) as well as in TCGA data. Evidence suggests its association with malignant stage of prostate cancer which could be used as potential biomarkers [52] .
Furthermore, hypermethylated genes in AA include isocitrate dehydrogenase beta-subunit (IDH3B) and Phosphoinositide Kinase, FYVE-Type Zinc Finger Containing (PIKFYVE), which a study suggests could serve as a urine-based biomarker for prostate cancer [53] . The prostate has been suggested to synthesize high amount of citrate and mutations in isocitrate dehydrogenases have been associated with PCa [54] . The other gene PIKFYVE induces exosome secretion and is known to influence cancer related pathways like metastasis and drug resistance development. [55] . However, the importance of these genes with respect to racial disparity in PCa needs to be explored further.
Using in-silico analysis we observed that the Sboner dataset [27] and Tylor datasets [28] predicted survival and recurrence outcome in both the ethnic group with the RRBS data.
However, lack of ethnic information in the available dataset limits the predicting impact of these genes in specific ethnic populations. Thus, study involving large cohort of AA and CA Prostate cancer patient is needed for the better prediction of bio-markers for risk assessment, aggressive cancer prediction recurrence and survival outcome which will eventually facilitate clinical translation of genome-based prognostic biomarkers. This is an era of personalized treatment and genomic, epigenomic and proteomic approaches has contributed a lot in the stratification of various complexities with respect to active surveillance, surgery, therapeutics in prostate cancer. The present study indicates that prostate cancer patient of different ethnicity have distinct epigenetic alterations and biological functions, and thus should be managed differently. Further, study with larger cohort of AA and CA PCa is needed with detailed clinical information to predict better biomarkers for the outcomes and for the targeted therapeutic interventions. 
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